that the transfer of glucose from blood to brain occurs by means of a transport mechanism (4, 7, 8, 13, 14, 17, 18, 24, 28, 36, 45) . A direct demonstration of this point was made by Crone ( 13), Yudilevich (45), and Cutler and Sipe (14) with the singlepass indicator-dilution technique.
The rapid time course of the indicator-dilution experiment permits measurement of unidirectional uptake; thus it is theoretically possible to determine the kinetics of transport into the brain. The inability to measure and control the blood flow rate has not allowed this determination in in situ preparations (13, 14, 45 Brain isolation. Brains were isolated from 14 adult mongrel dogs that were anesthetized with halothane (22). Arterial blood was supplied through the internal carotid arteries and the anastomotic branch of the internal maxillary arteries. Venous blood was collected through a threaded Luer connector cemented over a small hole drilled into the bone covering the confluence of sinuses. The perfusate consisted of compatible donor blood that had been diluted with dextran to a hematocrit of about 22 % and conditioned1 (20) In'dicator-dilution injections. The perfusion system consisted of two separate pump-oxygenator combinations interconnected through a valve that permitted perfusion from only one oxygenator at a time (20). One system (containing 4.5-7.0 mM glucose) was used to maintain normal brain glucose levels between indicator-dilution injections.
The glucose concentration of the other system was increased stepwise to allow uptake determinations over a range of blood glucose concentrations.
Blood with the lower glucose concentrations was obtained from dogs that were starved 24 hr prior to the experiment. (0.03 m$. Between pulses, however, these brains were perfused with normal blood. For the three brains in the third group, insulin (4 lug/100 ml, Iletin, Lilly) was added to both control and experimental blood at least 15 min before the first indicator-dilution injection was made.
In an analogous series of experiments performed on four brains, the indicator-dilution injectate contained 10 PC of D-fructose-6-3H (Amersham/Searle Corporation) and 2 PC of *?Na. The fructose concentration of the experimental blood was varied between 0.2 and 6.3 IIIM, while its glucose concentration was maintained at 5.7 mM 41 0.4 SE. To evaluate the effect of plasma flow rate on unidirectional glucose uptake, 12 successive indicator-dilution injections were made in each of two dog brains during a period when the glucose concentration was held constant and the plasma flow rate was varied between 0.26 and 0.74 ml/g of brain per minute. Glucose was maintained between 5.7 Bnd 6.6 rn~ by the slow infusion of a glucose solution into the oxygenator.
All injections were made 1 min after the flow rate was changed from the maintenance rate (0,50 ml/g per min) to the experimental rate. Assay ;brocedures. Each sample was prepared for scintillation counting as follows (3 1). After adding 50 ~1 of whole blood to a scintillation vial containing 0.1 ml of 60 % perchloric acid, the mixture was shaken vigorously with a Vortex mixer; 0.2 ml of 30 % hydrogen peroxide were added, and the vials were tightly capped, shaken, and dlaced in a 60-70 C oven for 1 hr to complete digestion and decolorization.
Fifteen milliliters of scintillation fluid (5 g PPO, 520 ml toluene, 420 ml methyl Cellosolve, and 60 ml absolute ethanol) were added to each cooled vial. 3H and 22Na were counted simultaneously in a Packard TriCarb liquid scintillation counter by the exclusion (screening) method (35 (Fig. 1A) . The fractional extraction of glucose for each sample, E(t), was calculated from the equation E(t) = 1 -c(t)/C(t). The plot of E(t) versus the percent recovery of the total injected 22Na (Fig. 1B ) was used to determine the maximal fractional extraction of glucose, E. This point usually occurred near the peak of the indicator-dilution injection profile (Fig. IA) .
The rate of glucose uptake, u, was calculated from the equation u = EAFp/W, where A is the arterial plasma glucose concentration, Fp is the plasma flow rate, and W is the brain weight. On the basis of experiments with fructose-3H 3 a hexose that is thought to enter the brain only by simple diffusion (12, 13), the rate of glucose diffusion was estimated to be 3.6 % of uptake. (SD) of u is proportional to v itself (1 l), as was the case with our data. If it is assumed that ;) the SD of E is 0.014 (i.e., the SD of E for fructose), ii) the SD for glucose (A) is proportional to the arterial glucose concentration and is 0.013 rnM when A is 1.0 mM, and Z) the SD for the flow rate is 0.01 ml/g per min, then the weighting factor is inversely proportional to ~~(0.0006 + (0.014/E)2.
Th us when v is high and/or E is low, the data are less important for the fit.
RESULTS
A typical indicator-dilution profile is shown in Fig* IA (Fig. 1B) was selected as the fractional extraction of glucose, E, for this injection.
The results of the experiments in which flow rate was varied while glucose concentration was held constant (A = 622 mM =t 24 SD) are seen in Fig. 2 . Because of the increase in glucose uptake as the flow rate increased, all the experiments on glucose transport and fructose diffusion were performed at a constant plasma flow rate. The range 0.43-0,53 ml/g of brain per minute was selected because it provides proper oxygenation at a perfusion pressure of 80-120 mm Hg. Figure 3 shows the results of experiments in which the fractional extraction of fructose was determined over a range of arterial fructose concentrations.
E did not change as the fructose concentration increased. Therefore, we concluded that fructose enters the brain only by simple dif- Fig. 4m The decrease in E as A increases implies that glucose is transported into the brain. Glucose also enters the brain by simple diffusion, probably at a rate very similar to the rate of fructose diffusion. The rate of glucose transport was therefore calculated after subtracting the average E for fructose uptake from the observed E for glucose uptake. The rate of glucose transport versus average capillary glucose concentration is shown in Fig. 5 et al. (45, 46) for the cortex, the technique and those used previously. Injection volumes of observed increase in extraction is not due to the presence of 0*4-2.0 ml (12-14, 26, 45, 46 ) may cause transitory inboth gray and white matter in our preparation. We have creases in cerebral blood flow and changes in solute connoted the most variability at higher perfusion pressure, and centrations which could alter E. In our studies the rapid believe that the increase in E(t) is best explained by the injection of 0.05 ml has no detectable effect on blood prespresence of A-V shunts. Thus the use of maximal E(t) desure or flow rate. Therefore, the E that we measure is valid emphasizes changes due to shunting, There may be several at the observed rate of perfusion. errors in using maximal E(t) as an estimate of the true E Glucose moves into the erythrocyte as well as the brain for brain as a whole; however, two of the more obvious if the samples are not precipitated immediately after colerrors tend to offset each other. On the one hand, undetected lection; thus it is important that radioactivity be deterbackdiffusion of 3H causes our estimate of E to be too low, mined on whole blood rather than plasma in order to avoid while disregarding areas of the brain that have the lowest observing falsely high E values. The method used to deextraction causes our estimate of E for whole brain to be colorize the blood for scintillation counting is a modification too high. From our experience with other procedures for of the technique described by Mahin and Lofberg (31). Becalculating E, the maximal E(t) appears to be the most concause of its simplicity, this method allows rapid and accusistent and reliable measure of extraction. rate analysis of the many samples required for these studies.
In general, kinetic analyses of enzyme-catalyzed reacThe criteria for selection of an E value from an individual tions are carried out from initial reaction velocities with no injection have varied among investigators. In this study, as product present, Since it was not feasible to eliminate gluwell as in several earlier studies (12, 14, 45, 46), E(t) case from the brain in these experiments, we attempted to frequently increases from the time of isotope appearance to make velocity determinations at a constant brain glucose the peak of the indicator-dilution curve. In discussing the concentration.
Changes in cerebral glucose levels were mini-BETZ, GILBOE, YUDILEVICH, AND DREWES mized by the short period of time that the brain was in contact with the experimental blood and the 12-min recovery period on control blood. All extraction determinations were made 30-40 set after beginning perfusion with experimental blood. A dependence of net uptake on cerebral blood flow rate was previously reported for glucose (2 1, 47) and valine (25). Zivin and Snarr (47) used a hyperbola to describe the relationship between net glucose uptake and blood flow rate in the rat brain. A definite tendency for unidirectional glucose uptake to increase as flow increases can be seen in Fig.  2 ; however, we were not able to distinguish between a linear or hyperbolic type of dependence. It is possible that the flow effect is an artifact of the method we use to estimate E, but similar results are obtained when alternate procedures are employed for this calculation.
To minimize the effect of flow on our kinetic studies, all measurements were made at a constant plasma flow rate, Since Km and V rnax may also vary with flow, the values we have determined for these parameters are probably valid only over the limited range of flow rates used.
The observation that fructose is not transported into the brain was also made by Crone (12, 13) and Cutler and Sipe (14) who reported E values of 0.041 and 0.017, respectively. The possibility remains that fructose is transported into the brain via a transport mechanism with a very high Km for fructose. However, Oldendorf (36) reported that high concentrations (40 mM) of D-fructose or L-glucose had no effect on the extraction of D-glucose from a 0.42 mM D-glucose solution.
In addition, these two hexoses had similar extractions.
We have performed experiments with mannitol-3H and 22Na and calculated an E for mannitol of 0.050 =I= l OlO SD (n = 6). Because of the similarity between E values for fructose and mannitol, we conclude that transport of fructose is unlikely. Although this does not imply a uniform rate of diffusion of these substances into all areas of the brain, it does represent the average rate of diffusion of hexoses into the brain as a whole.
We calculated an apparent Km of 8.26 mM and a V,,, of 1.75 pmoles/g of brain per minute for unidirectional glucose transport under control conditions. Since we are collecting mixed venous blood from the entire organ, these values are the kinetic constants for the brain as a whole. The location of the transport system observed in indicatordilution experiments has not been determined, but it is probably situated in the capillary endothelium (13, 45, 46) . In deriving these kinetic constants, we applied a correction for glucose diffusion based on the diffusion of fructose-3H. The calculation not only corrects for those areas of the brain where diffusion of glucose is possible, but also eliminates errors due to use of 22Na as an intravascular reference. Since it is possible that a small fraction of the z2Na can enter some parts of the brain (26), the E values that we observe may be low because they are relative and not absolute extraction values. Therefore, subtraction of the fractional extraction due to simple diffusion, which was also determined relative to 22Na, eliminates this error in our calculation of the glucose transport rate. The K, and V,,, for unidirectional glucose transport into the isolated dog brain are, in general, similar to values reported for the ra2: brain (7.12 mM and 1.24 pmoles/g per min (4) and 7 mM and 1.5 pmoles/g per min (8)), the mouse brain (6 mM and 2.1 pmoles/g per min (24) for glucose transport into other tissues are also similar to the Km that we determined, varying from 6 to 10 mM for the erythrocyte (27, 40, 43) , 8.7 mM for heart muscle (34), and 17 mM for liver (44).
Brain glucose levels reportedly increase during barbiturate anesthesia (16, 30, 33) , and some investigators have attributed this increase to a facilitation of the glucose transport mechanism (16, 19, 33) . The present study demonstrates that pentobarbital is not a direct activator of glucose transport from blood to brain, but it does not exclude a possible effect on transport from interstitial fluid to brain cells. There is also the possibility that pentobarbital has an indirect effect on glucose transport as a result of its effects on brain metabolism.
Such changes would not be detected in our experiments, since glucose uptake was measured about 1 min after the start of perfusion with the pentobarbitalcontaining blood. Preliminary experiments were conducted on brains during constant exposure to pentobarbital. Although the results were not significantly different from the data we have presented, the constant-exposure protocol was abandoned in order to avoid the effects of product inhibition resulting from elevation of brain glucose levels during barbiturate anesthesia. We recently reported a decrease in net uptake of glucose after pentobarbital anesthesia (6). This observation is not inconsistent with the present study, since one would predict increased glucose efflux from the brain when cerebral glucose levels are elevated.
It is generally accepted that brain glucose uptake is unaffected by an elevation of blood insulin levels (8, 13, 15, 20, 37, 41) ; however, some investigators disagree (9, 23). In the present studv the plasma insulin concentration was about: 1,000 times greater than the normal value reported for the dog (32). N evertheless, there was no apparent increase of glucose flux from blood to brain * The existence of a verv rapid, short-term effect of insulin on gl ucose transport was examined by a series of experiments in which insulin was added to the injectate, but not the blood. 
